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Preparations of purified peptidoglycan ofEscherichia coli (i.e., sacculi) were studied by low-angle laser light
scattering. Control experiments and theoretical calculations based on the Rayleigh-Gans theory showed that
the mean sacculus surface area could be accurately inferred from measurements with our apparatus by using
computer routines developed previously. Large changes in the mean saccular surface area resulted from
alterations in the stress caused by varying the net charge on the sacculi. The net charge was affected by altering
the suspending medium pH, causing carboxyl and amino groups in the peptidoglycan to gain or lose protons,
or by acetylation or succinylation ofthe amino groups. A preponderance of either plus or minus charges caused
an expansion of the mean sacculus surface area. The largest increase in area probably represents the elastic
limit of the peptidoglycan and was 300%o above the area of isoionic sacculi. This degree of expansion is
consistent with possible conformations of the intact peptidoglycan structure without necessitating rupture of the
wall fabric. Our findings concerning saccular elasticity provide support for the surface stress theory. It
provides a mechanism so that bacteria can grow and divide while maintaining turgor pressure, without the
necessity of having and using proteins to do the mechanical work.

It is now well established that the peptidoglycan sacculus
is the stress-resistant, shape-determining structure covering
the procaryotic cell (4, 23, 27-29, 34, 37, 42, 45, 46, 49, 63,
72). Its covalent structure makes the sacculus the largest
macromolecule in nature and imparts strength to the bacte-
rial wall. Additionally, the ability of the sacculus to stretch is
of fundamental importance, both for giving flexibility to the
organism and providing a mechanism for its enlargement
during growth. The elasticity, as measured by Young's
modulus, is the inverse of the ratio that a body is stretched
(strain) by a given force (stress) (71). At high-enough stress,
a body's elastic limit is reached, and it cannot be stretched
further without the rupture of integral covalent bonds.
Elastic enlargement of a single cell's wall fabric, composed
of cross-linked peptidoglycan, depends on conformational
changes that involve only rotations and easily made rear-
rangements of hydrogen bonds. Enlargement exceeding the
elasticity must involve the rupture (hydrolysis in an aqueous
environment) of covalent bonds (37, 40).

Sacculi are too small to have either their elasticity or their
rupture limit (extensibility) measured by engineering mate-
rials testing methods (71). Although the sacculus cannot be
affixed at two ends and mechanically stretched, the relation-
ship between the sacculus net charge and surface area can be
determined. We studied sacculi of Escherichia coli from
cultures in balanced exponential growth. They were pre-
pared free of almost all nonpeptidoglycan materials. The
mean surface area of the sacculi under different conditions
was measured by a low-angle laser-light-scattering method.
The charge on the sacculi was altered with either acid or
base or by either succinylating or acetylating the amino
groups of the peptidoglycan. Additionally, the effect of
saccular charges was reduced by raising the ionic strength of
the medium. The effect of secondary structure was reduced
by breaking internal hydrogen bonds with urea.
The sacculus of E. coli has a typical gram-negative pepti-

doglycan composition of polysaccharides and peptides (14,
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18, 22, 63, 68). The glycan chains are alternating molecules
of N-acetyl muramic acid and N-acetyl-glucosamine. A
small fraction of these amino sugars are unacetylated and
therefore can accept protons. At least 60 different kinds of
fragments have been identified with high-pressure liquid
chromatography of muramidase-treated sacculi (12, 13, 21,
22, 64). Earlier biochemical work (63, 68) showed that each
disaccharide of N-acetyl muramic acid is ,(1-4) linked to
N-acetyl-glucosamine. A pentapeptide consisting of L-ala-
nyl-D--y-glutamyl-meso-diaminopimelic acid-D-alanyl-D-ala-
nine is covalently attached to the lactyl group of the muramic
acid as secreted through the cytoplasmic membrane. How-
ever, in the completed (old) walls of growing cells, less than
0.5% of the peptidoglycan retains the terminal D-alanine (13,
22). Cross-links occur between two peptides by transpepti-
dation between the D-alanyl-D-alanine terminal peptide link
of the donor pentapeptide and the free amino group of the
diaminopimelic acid (DAP) of a nearby peptide (usually a
tetrapeptide). However, 35% of the peptides are uncross-
linked. Cross-links also occur as trimers or as DAP-DAP
bonds (22).

In the tetrapeptide, the ionizable groups are the alpha-
carboxyl group of the glutamic acid (pK = 4.6), the carboxyl
group of the terminal alanine (pK = 4.5), the epsilon
carboxyl group of DAP (pK = 3.75), and the epsilon amino
group of DAP (pK = 10.2) (for a review, see reference 41).
Consequently, the net charge of the tetrapeptide ranges from
-3 to 1. In the basic cross-linked peptidoglycan structure
containing eight amino acids, the average of the charges of
all ionizable groups ranges from -2.5 to 0.5 per muramic
acid molecule. To calculate the charge range of the prepara-
tions of sacculi, additional factors must be included: (i) other
minor types of cross-linkings, (ii) deacetylated amino sugars
(amino pK = 5.7) (5% from our chemical determinations),
and (iii) lysine residues (amino pK = 10.2) left after trypsin
hydrolysis of the lipoprotein. Since there is one lipoprotein
molecule per nine disaccharides (3, 5), there is one lysine
epsilon amino group remaining attached for every nine DAP
molecules after trypsin hydrolysis. These factors give a
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charge range to -2.6 to 1.1 per muramic acid molecule,
consistent with our findings.
There is a range of estimates of the sacculus thickness of

E. coli in the literature. They vary from a single stretched
monolayer to three unstretched monolayers (3, 27, 38, 39).
Even if the larger amount is correct, there is no reason to
doubt the hypothesis that there is only one stress-bearing
layer. The most recent measurement was made with low-
angle neutron scattering of sacculus preparations (52). This
technique gives more information than previous methods,
and a best-fitting model was proposed (52) in which 75 to
80% of the E. coli sacculus area is monolayer and 20 to 25%
is triple layered. These literature values will be discussed
below in relation to our experimental results.

In the present study, low-angle laser light scattering was
used to nondestructively measure the mean sacculus surface
area. This method was chosen since the measurements are
not affected by the fixation and drying artifacts common with
electron microscopy. It was found that the sacculi of E. coli
could be expanded and contracted reversibly over a fourfold
range in area. The mean sacculus surface area in low-ionic-
strength media at a neutral pH was comparable to the mean
surface area of intact cells grown under the same conditions
used by Nanninga and Woldringh (58, 75). In comparison,
other work from our laboratory (31, 47) showed that E. coli
cells shrank 45% in surface area when the turgor pressure
was eliminated by detergent treatment. It was concluded
that a growing cell's sacculus is stretched only slightly
compared with the degree that the isolated sacculus can be
stretched in vitro.
Theory for the calculation of mean surface area of sacculi.

The theory and computer programs for calculating surface
areas of ellipsoidal shells of revolution (8, 24-26, 29, 30, 33,
35, 43, 57, 76) are briefly summarized in this section.
Bacteria have dimensions comparable to the wavelengths of
visible light. The light scattered from particles much smaller
than the examining wavelength of light does not depend on
size and shape. But even in that case, 10 parameters to
calculate the absolute intensity of the light scattered in a
given direction are needed. The Rayleigh formula for the
case of very small particles is

8'2r6nO4 [(n/no)2 - 1]2 2

R2A4 [(n/no)2 + 212vIoV[1 + cos2(0)]
In this equation, I is the intensity of the scattered light, r is
the radius of the spherical equivalent of the actual particle,
no is the index of refraction of the suspending medium, n is
the index of refraction of the particle, v is the particle
concentration, Io is the intensity of the incident light, v is the
illuminated volume, 0 is the angle of observation, R is the
distance of the observer from the sample, and A is the
wavelength of light in vacuo. The only quantity depending
on the angle of observation is shown by one of the two terms
within brackets, i.e., [1 + cos2(0)]. These two terms account
for the two perpendicular components of polarized light that
compose nonpolarized light.

If a particle's radius is comparable to the wavelength of
light in the suspending medium (i.e., where A' = X/no), then
the shape, size, and orientation become very important.
This, as mentioned above, is the case for many kinds of
bacteria and for their isolated sacculi. If the particle's mass
is too small to cause significant phase shifts of the light
passing through it, then the above equation applies when
amended by multiplication with an appropriate P function.
There are availableP functions for a variety of shapes, sizes,

and orientations of particles. For ellipsoidal shells of revo-
lution, the P function (40) depends onA', 0/2, 1 (the angle of
orientation of the ellipsoid's major axis), a (the semiminor
axis), A (the axial ratio), and B (the ratio of the semiminor
axis on the inside of the shell relative to that on the outside).
This last factor is a measure of the thickness of the sacculus
wall.

In spite of the large number of variables, light scattering is
useful for size and shape determination by comparing light
scattered in different directions from the same suspension of
particles. In the expressions for the ratio of light scattered in
different directions, almost all of the parameters in the
Rayleigh formula cancel out. Our computer program (35)
calculates the relative angular light-scattering intensities of a
randomly oriented suspension of ellipsoidal shells of revolu-
tion over a twofold size distribution, the same range ex-
pected for the walls prepared from cells in exponential
growth. The program requires the value of the axial ratio of
the sacculi or newly divided cell sacculi, A, and the factor
describing the thickness of the sacculi, B. The computer
program then makes the best match (least squares fit) of the
observed light-scattering data and the calculated light-scat-
tering intensities to get the best measure of the of a single
parameter, a, the width of the ellipsoid of revolution. The
program then computes the area and the volume of the mean
ellipsoidal shell of revolution.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli B/r H266
was obtained from Conrad Woldringh. The doubling time of
cultures in 1% (wt/vol) brain heart infusion broth (BHIB)
was 23 min at 37°C, and in L-alanine minimal medium (77), it
was 144 min at 37°C; these can be compared with published
doubling times for the same strain of 22 and 136 min in the
two media (77).

Media. Minimal L-alanine medium contained 2.0 g of
NH4Cl, 6.0 g of Na2HPO4, 0.25 g of MgSO4, and 0.04 g of
L-alanine per liter. BHIB (76) contained 10 g of BHIB (Difco)
per liter. Fifteen grams of Difco agar per liter was added to
make solid medium.

Preparation of saccul; and their derivatization. Because of
the possibility that autolysis may occur during the time
necessary to inactivate autolysins as the cells are treated
with SDS and heat, we developed a method equivalent to
flash pasteurization. We felt that this was necessary be-
cause, as the cell becomes hotter, the rate of enzymatic
hydrolysis increases rapidly and would only to be halted
when the enzymes become inactivated (74). We developed
an apparatus so that log phase cultures while actively
growing are pumped into one arm of a T, the other arm of
which brings in 20% SDS (Calbiochem, San Diego, Calif.;
electrophoresis grade, heavy metal free) at a slower rate.
The Tee led to a copper coil immersed in a water bath at
95°C. In this way, there was only a small fraction of second
between the time that the cells were in an aerated 37°C state
and the time when they were in a 2% SDS-95°C state. The
lysate was concentrated at 110 kG for 30 min, washed with
high-quality distilled water, treated overnight at pH 6.7 with
a mixture of 50 pg of bovine RNase per ml and 50 ,ug of
DNase per ml at 37°C, then treated twice with 100 ,ug of
trypsin per ml (all enzymes from Sigma Chemical Co., St.
Louis, Mo.), washed six times with distilled water, and
stored at 5°C.
The amino groups of the sacculi were altered with either

acetic or succinic anhydride 5% (vol/vol). They were treated
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for 10 min at room temperature and washed two times. In
effect, acetylation, by converting an amine group to an
N-acetyl group, prevents the nitrogen from becoming posi-
tively charged, and succinylation, on the other hand, re-
moves the amino function and replaces it with the ionizable
carboxy group (10, 20).

Sacculus concentration. Sacculus samples of unknown
concentrations were suspended with a known concentration
of polystyrene beads (Interfacial Dynamics Corporation,
Portland, Ore.; 1.011-,um, average diameter). The stock
bead concentration was measured by counting 1,000-fold
diluted bead samples in a counting chamber (Hawksley,
London, England). For each sample, 1,000 beads were
counted. A mixture of equal volumes (25 ,l) of the undiluted
bead suspension (1.37 x 10" beads per ml) and the sacculus
suspension of unknown concentration were vortexed and
diluted, and 0.5-,ul samples were dried on copper transmis-
sion electron microscope grids (Ted Pella, Santa Ana, Calif.;
tabbed pinpointer, 7HGC-400) for counting with a transmis-
sion electron microscope (302; Philips Co., Einthoven, Hol-
land). The concentration of sacculi in the undiluted sample
was calculated by using the ratio of sacculi to beads counted
in the diluted samples and the initial concentration of beads.
Paper electrophoresis. The purity of acid-hydrolyzed sac-

culus samples was measured by high-voltage paper electro-
phoresis. Sacculus samples (containing 0.4 to 0.5 nmol of
muramic acid) were hydrolyzed at 110°C in 6 N HCl for 24 h
and then dried over KOH. The dried samples were dansy-
lated (15) at 37°C for 1 h, and then 5-,ul aliquots were spotted
on Whatman 3MM filter paper presoaked in electrophoresis
running buffer (19). The samples were electrophoresed at 15
V/cm for 8 h; the paper was removed from the electropho-
resis apparatus, dried in a laminar flow hood, and then
placed for 1 h in a glass chamber saturated with NH40H
fumes. The paper was removed, and fluorescent amino acid
and hexosamine derivatives were detected under near ultra-
violet light.

Assays for muramic acid and hexosamine. Hadzija's assay
(17) was used for muramic acid, with pure muramic acid as
the standard (Sigma; reagent grade); the total hexosamine
assay was that described by Ghuysen et al. (11). Hexosa-
mine N-acetyl groups were estimated by Ludowieg's method
(55).

Titrations. All titrations were done with a syringe microm-
eter burette by using either 6 N HCl or 6 N KOH with
samples which contained 5 to 6 ,mol of muramic acid.
Titrations from pH 1.5 to 12.5 were calibrated with 0.1 M
HCl (pH, 1.117 at 25°C), 0.046 M Na2HPO4 and 0.027 M
Na2HPO4 (pH, 7.00 at 25°C), and saturated Ca(OH)2 (pH,
12.56; Sigma; reagent grade). Titrations were measured with
radiometer model PHM85 pH meter in a total sample volume
of 3 ml. For each sample titrated, a blank without sacculi
was also titrated under the same conditions.

Net sacculus charge measurement. The average net charge
per muramic acid molecule was calculated as follows. Total
acidic groups in the sacculus sample were estimated by the
amount of acid required to bring the sample from pH 7 to 1.5
in 1 M KCl-50% (vol/vol) acetone. Total basic groups were
estimated from the amount of base required to bring the
sample from pH 7 to 12.5 in 1 M KCI-1.85% (vol/vol)
formaldehyde. Acetone raises the pKs of acidic (carboxyl)
groups, and formaldehyde lowers the pKs of basic (amino)
groups, so the quantity of acidic and basic groups could be
estimated (after correction for the blank titration).

In the light-scattering studies, it was necessary to use
small samples (30 nmol of muramic acid). This amount is too

small to prepare accurate titration curves. From the pHs
observed during these experiments, the net charge per
muramic acid molecule could be calculated from the titration
curves prepared from samples which had 5 to 6 ,umol of
muramic acid.

Low-angle laser light-scattering apparatus assembly. A
5-mW helium-neon laser (Spectra-Physics, La Jolla, Calif.)
which emitted red unpolarized light at a wavelength of 632.8
nm was used for all light-scattering experiments. The laser
was placed in a cradle attached to a large board to which a
large turntable was also attached. Sample suspensions of 109
sacculi per ml were placed in a quartz sample cuvette (2 by
2 cm), which was positioned on a small, nonrotating metal
platform centered on the turnable. A small metal cradle
attached to the turntable held an assembly of nested brass
tubes. Light passed through only the central 30-cm-long
tube, which had an inside diameter of 0.97 mm and ended in
a silicon detector (PIN-5DP; United Detector Technologies,
Culver City, Calif.), with its light-sensitive surface area
reduced to 0.739 mm2. The cuvette face was 25 cm from the
light-collecting opening of the tube. The silicon detector
signals were amplified 108 to 1010-fold by an amplifier (101 C;
United Detector). The voltages were measured by a liquid
crystal display voltmeter (3468 B Multimeter; Hewlett-Pack-
ard, Palo Alto, Calif.) and printed on a thermal printer
(HP-IL 8216 9-A; Hewlett-Packard). The scattering angles
were measured in 20 increments from 4 to 12° from the laser
beam's direction of travel. An average of six readings at each
angle were taken; if a reading was very different from the
other five, it was discarded and the remainder was averaged.
Because light is refracted on exiting the cuvette, Snell's law
was used to calculate the actual angle of light scattered
within the cuvette.
To align the apparatus, the beam turntable was set at 0°C.

The photodetector was removed, and the laser was adjusted
so that the beam just filled the diameter of the tube and cast
a circular spot without diffraction or interference patterns on
a card held behind the tube. The cuvette's face was aligned
perpendicularly to the laser beam so that the reflected
portion retraced its path into the laser.

RESULTS

Chemical analysis of the sacculi. Acid-hydrolyzed samples
of sacculi from BHIB-grown cells analyzed by paper elec-
trophoresis had the expected peptidoglycan components:
hexosamine (muramic acid and glucosamine could not be
resolved), alanine, meso-DAP, and glutamic acid. The
lysine/muramic acid molar ratio was about 1:10. Lysine is
the amino acid attaching meso-DAP to the rest of the Braun
lipoprotein (3-5). There was less than 0.01 mol of arginine
per muramic acid molecule; and since arginine is 6.01% of E.
coli cell protein (63), it follows that no more than three
nonpeptidoglycan amino acids are present per 100 muramic
acid molecules.

Fraction of the light-scattering signal due to nonpeptidogly-
can components. E. coli sacculi can contain glycogen gran-
ules (54, 65), and 8.4% of the 6,000 sacculi from cells grown
on BHIB observed in the electron microscope in this study
were found to contain at least one lozenge-shaped particle.
The contribution of the light scattered from 4 to 120 by
nonpeptidoglycan impurities was estimated by measure-
ments of light scattering after exhaustive lysozyme treat-
ment (20 ,ug/ml) for 36 h at pH 6.8. Only 6.18% of the light
scattered at 40 and 2.75% of the light scattered at 12° were
due to lysozyme-insensitive components. When the light-
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FIG. 1. Light-scattering intensity versus scattering angle for BHIB- and L-alanine-grown sacculi. Symbols: 0, experimental scattering
intensities for L-alanine sacculi; 0, experimental scattering intensities for BHIB sacculi. The solid lines are the best fits calculated from the
light-scattering intensities under the assumption that the sacculi are a population of ellipsoidal shells of revolution. Measurements were made
at 2, 4, 5, 6, 8, 12, and 140. The angles at which the light was scattered after passage from the cuvette were corrected with Snell's law to give
the angles at which the light was scattered while still in the cuvette. Scattering intensities at the corrected angles were compared with
theoretical light-scattering intensities for the same angles. In the fitting process, it was assumed that the axial ratio of the cells at birth (A) was
2.45 and that the wall thickness was 0.005 of the radius, fixing B at 0.995. Both the calculated and experimental light-scattering values were
normalized so that the scattered intensity at 00 was 2. The best-fitting, computer-calculated radius and area were 0.47 ,um and 11.25 pm2,
respectively, for BHIB-grown sacculi and 0.29 pLm and 3.79 p.m2, respectively, for L-alanine-grown sacculi.

scattering data were corrected for nonpeptidoglycan light
scattering, the computer-calculated mean sacculus surface
area was decreased by 8.1%. This correction was not applied
to the data presented below.

Effect of aggregation. Aggregation of sacculi would de-
crease the scattered-light intensity at higher angles, causing
overestimation of the mean surface area. The sacculus
aggregation was discounted for the measurements reported
here for several reasons. Most importantly, deliberately
made aggregates just sufficient to affect the scattering of light
contained at least a dozen sacculi and could be seen by
phase-contrast microscopy; however, in samples used for
light scattering, no aggregates were observed either by phase
or electron microscopy.

Examination by electron microscopy. Of 6,000 sacculi from
BHIB grown cells, 9.82% of the sacculi had minor damage.
Evidence for normal growth was that 32.8% of the sacculi
showed construction. Trueba and Woldringh (69) reported
that 27.8% of cells had constrictions under the growth
conditions that we had emulated in preparing our cell sam-

ples.
Electron-dispersive X-ray analysis. Sacculi contained ap-

proximately one gold and one copper atom per 10 muramic
acid molecules; these metals were probably electron micro-
scope contaminants. Magnesium, calcium, and iron were

undetectable in 2 mg of sacculi.
Testing of the light-scattering technique. The ratio of the

light-scattering intensities at 5 and 200 (I51I20) is a sensitive
test for the effects of multiple scattering (25, 26, 70) and was

constant from 8.76 x 108 to 1.2 x 1010 sacculi per ml. At
higher concentrations of sacculi, the ratio decreased, sug-
gesting multiple scattering. At lower concentrations of sac-
culi, the ratios fluctuated from one sample to the next
because sample scattering intensities were nearly equal to
that of the distilled water blanks. The experiments reported
below were done with the concentration fixed at 109 sacculi
per ml.
Angular light-scattering data and measurement of sacculus

area. The computer program (35) is based on the assumption
that the sacculi approximate prolate ellipsoids of revolution.
The observed angular dependence for light scattered by
BHIB and L-alanine sacculi is shown in Fig. 1; the best-
fitting, computer-generated scattering curves are also
shown. The fitting program normalizes the curve so that it
has a value of 2 (i.e., the value of (1 + cos2(O)], applicable for
unpolarized light at 00), by fitting a single-scale parameter C
(C contains all of the constant factors of the Rayleigh
formula, given above, and some of those contained within
the P function [35]). It can be seen that the light-scattering
data match the fitted curves for average sacculus radii of 0.47
and 0.29 ,um in the BHIB and L-alanine media, respectively,
on the basis of assumptions that the axial ratio of newly
divided cells in either medium (A) is 2.45 and that the ratio of
the inner to the outer diameter of the sacculus (B) is 0.995.
The size of the gram-negative enteric organisms E. coli

and Salmonella typhimurium (43, 59, 75) depends on their
growth rate. The doubling times reported by Woldringh and
Nanninga at the University of Amsterdam, (75), were 20 min
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TABLE 1. Mean sacculus surface area of BHIB-grown cells
after various treatmentsa

Cell component and Mean surface
treatment area (pm2)

Sacculib
pH4.8,1MKCl .......................................... 6.1
pH 1.5, H20 .......................................... 22.5
pH 1.5, urea .......................................... 24.5
pH 12.5, urea.......................................... 20.4
pH 6.0, acetylated .......................................... 21.5
pH 6.0, succinylated .......................................... 25.9

Whole cellsC
Agar filtered, OS04 .......................................... 6.9
Agar filtered, glutaraldehyde ................................ 8.1
Phase contrast.......................................... 8.6
a Values were derived from measurements from this study (sacculi) and

estimates of Woldringh (whole cells) (75). All values refer to experiments with
strain B/r H266 grown in BHIB at 37°C with aeration.

b Growing cells were harvested, lysed with SDS, purified with trypsin,
washed extensively, and analyzed by the low-angle light-scattering method
developed here.

c Data from C. Woldringh for agar-filtered cells fixed with either osmium
tetroxide or glutaraldehyde and for living cells as determined by phase-
contrast microscopy.

for BHIB-grown cells and 135 min for L-alanine minimal
medium-grown cells, compared with our data of 24 and 146
min, respectively, for identical conditions. Assuming that
the cells were cylinders with hemispherical poles, the calcu-
lated surface areas would be 11.25 and 3.79 p.m2, respec-
tively, with a ratio of 2.97. The best computer-fitted curve to
the light-scattering data (Fig. 1) gave values of 7.9 and 3.1
p.m2, respectively, with a ratio of 2.5.
Wail dimensions and composition. The analytical result

observed here is that there are 106 chemically determined
muramic acid molecules per BHIB sacculus counted by
electron microscopy. The mean sacculus surface area under
the most compact conditions (pH 4.8, 1 M KCl) is 6.1 p.m2
(Table 1). This is not too different from the area for the
average cell grown in rich medium (7.1 p.m2) (42, 58, 73).
Consequently, there is one muramic acid molecule per 0.68
nm2 of saccular surface at pH 7.0. This result conflicts with
recent results (73) of 2.5 p.m2 per DAP molecule. It is not
certain which of several possibilities accounts for the dis-
crepancy. Assuming our value of 1 x 106 muramic acid
residues per sacculus, it is possible to cause the charge to
range from 10 x 106 positive charges to 28 x 106 negatively
charged groups per average sacculus.
The smallest minimally stressed sacculus is 3.48 ,um long

and 1.26 ,um wide at the isoelectric point of peptidoglycan
(58). This accords with the mean sacculus surface area of 6.1
p.m2 reported in Table 1 for the sacculi from cultures grown
in BHIB.
Mean surface area as a function of charge, ionic strength,

pH, and acylation of the sacculi. The mean sacculus surface
areas of BHIB-grown cells tested under various conditions
are presented in Table 1. They are expressed as the average
area of the sacculus. The smallest mean surface area was
observed under isoionic pH conditions at high ionic strength.
Under these conditions, the sacculi are still ellipsoids of
revolution as determined by comparison to the electron
microscopic observations. The succinylation of sacculus
amino groups eliminates them and adds carboxyl groups,
yielding a charge of -2.6 per muramic acid molecule at pH
7.0. On the basis of the pKs of the titratable groups, it

was assumed that there were no positive charges at pH 12.5
and no negative charges at pH 1.5. At pH extremes and after
succinylation, the mean sacculus surface area ranged from
20 to 26 p.m2, which is 200 to 300% greater than the isoionic
(minimum) area. The important generalization is that
roughly the same expansion of the peptidoglycan fabric can
be obtained in a number of different ways, suggesting that
the maximum expansion of the fabric without breaking
covalent bonds is 20 to 26 p.m2.

Titration reversibility. Figure 2 shows the net charge and
mean sacculus surface area from pH 1.5 to 12.5. The
experiments were actually carried out by titrating from a
neutral pH to each extreme of pH and back. These data are
not shown, but the forward and reverse titrations were
nearly superimposable (36, 74). This suggests that there is
little hysteresis in either sacculus expansion and contraction
or in the accessibility of titratable peptidoglycan groups to
the medium. It should be noted that the expansion is highly
cooperative (19, 66), and only when a sufficient net charge is
developed are there major conformational changes. It should
also be noted that the net charge calculated from the pKs and
amounts of different titratable groups in the wall preparation
is 0 at a pH slightly below 4. This is consistent with the
isoelectric point of peptidoglycan preparations and implies
that placing a positive charge on the sacculi with acid causes
dramatic expansion, whereas the first two negative charges
formed as the pH is increased are not effective in expanding
the wall and the third one causes an expansion, although not
quite as extreme as that caused by acid. The implication is
that the isolated carboxyl group on the glutamic acid resi-
dues, the free carboxyl groups of D-alanine, and the epsilon
carboxyl of DAP, whose adjacent amino group is engaged in
peptide bond formation, have little effect on the size of the
sacculus. On the other hand, the free zwitterions ofDAP are
crucial, and the conversion at a low pH to an isolated,
positively charged group or its conversion via succinylation
to a negatively charged group at high pH is enough to cause
expansion.

DISCUSSION

Peptidoglycan is formed into a strong, but elastic fabric
which resists the expansive effects of the cell's turgor
pressure. The elasticity of this network is the cornerstone of
the surface stress theory, particularly as applied to gram-
negative microorganisms (28, 32). The theory postulates that
nascent oligopeptidoglycan strands in their relaxed confor-
mation become linked at multiple points to existing strands.
The nascent strands are subsequently stretched into an
extended conformation when cleavages of an old stress-
bearing wall occurs, thereby stressing the new wall and
permitting growth and enlargement of the sacculus and an
increase in the cell volume. Thus, a cycle operates with the
following seven stages: (i) biosynthesis of the cytoplasm, (ii)
increase in turgor pressure, (iii) increase in stress in the wall,
(iv) increase in the autolytic action upon the existing wall, (v)
transfer of stress to the new wall, (vi) stretching of the
nascent oligopeptidoglycan strands, and (vii) increase in the
area of the sacculus, increasing the cellular volume and
lowering the turgor pressure. The present work (Table 1 and
Fig. 2) demonstrates the great elasticity of the gram-negative
sacculus. Marquis and coworkers (56, 61, 62) observed that
fragments of the thick, gram-positive bacterial walls ex-
panded at pH extremes. Their quantitative observations of
volume changes are consistent with the wall surface area
changes reported here. Thwaites and Mendelson (67) found
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FIG. 2. Mean sacculus surface area as a function of pH. As the experimental data were recorded, acidic titrations started at pH 6.0 and
ended at pH 1.5 and the samples were titrated in reverse; similarly, basic titrations started at pH 6.0 and ended at pH 12.5 and were then
reverse titrated. The light-scattering measurements under different conditions were converted into areas of ellipsoidal shells of revolution and
are reported as square micrometers. The mean sacculus surface area as a function of pH in the absence (Li) and presence (+) of 10.1 M urea
is shown. Succinylated sacculi, acetylated sacculi, untreated sacculi at the same pH, and untreated sacculi in 1 M KCI are shown from top
to bottom, respectively (L). The theoretical net charge (3) is the average charge per 106 sacculi calculated from the composition of the sacculi
given in the text and the pK values of the ionizable groups.

that cablelike threads composed of B. subtilis filaments have
viscoelastic mechanical properties, but their studies do not
distinguish between the peptidoglycan properties of individ-
ual cells and those related to the interactions of different
cellular filaments within the thread.
Although there have been no studies of the elastic prop-

erties of the sacculi of gram-negative bacteria, there have
been many studies of volume changes of osmotically
stressed, gram-negative bacteria (for reviews, see references
9 and 31). While these size changes have been usually
interpreted in terms of plasmolysis only, shrinkage of the
taut cell fabric is important for gram-negative bacteria. We
were able to show that a growing E. coli filamentous mutant
decreased 17% in length when the cytoplasmic membrane
was ruptured with a detergent that eliminated the cell turgor
pressure (47). This corresponds to the mean sacculus surface
area of the growing cell being 45% greater than the relaxed
conformation.
A possible interpretation of this contraction caused by

rupturing the lipid membranes is that the wall of the growing
cell is stretched to its elastic limit during growth and shrinks
to its relaxed conformation when the hydrostatic stress is
removed. This is far from correct since the results reported
here prove that isolated sacculi can reversibly increase in
area much more than 45%, to at least 300% above the
relaxed conformation. The disparity in our earlier in vivo
results with growing cells (47) and the current in vitro studies

of intact sacculi probably means either that the comparison
with the electron microscope studies is invalid and the wall
is in a partially extended configuration due to interactions
with the inner and outer membranes even after disruption
with detergent or, more likely, that the sacculus under
growing conditions is never stretched enough to approach its
elastic limit. This finding will obviously be very important in
the further elucidation of the mechanics of bacterial growth.
While our results do not prove that stronger stresses could

not result in further expansion, the sacculus reversible
expansion of 300% above the released conformation area
reported here is consistent with molecular models of pepti-
doglycan (4, 5, 7, 44, 50, 51, 60). While the glycan chains are
quite inextensible, the peptides can have conformations
varying from a compact to an extended conformation suffi-
cient to account for a fourfold length difference and hence a
300% increase in area upon extension as well.
Fundamental unit of cell wall fabric. The area of the cell

protected by a structural unit of wall, not just the linear
course in the polymer of either the cross-linked peptides or
glycan chains, is the subject at hand. The unit of the
two-dimensional network is a ring with glycan and peptide
elements, each of which is part of other rings. For example,
the entity that is a hexagon of wire in the familiar case of
chicken wire is the fundamental unit of that fabric. As in that
case, a segment of wire (or in the bacterial case, a portion of
glycan chain or cross-linked peptide) defines the limits of the
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FIG. 3. Structure of a stressed unit of the wall fabric. Inside of
the boxed area are two oligopeptidoglycan chains connected by
cross-links in two places to each other. The model is based on the
supposition that it takes four disaccharides to allow the glycan chain
to go through a complete rotation. In the unit outlined by the box,
two peptides are not part of the unit but extend outward in the plane
to be part of the adjacent units. In addition, a pair of peptides point
upward and may connect to more peripheral wall. The other pair
faces inward and forms bonds to a more-central murein. Neither pair
would be part of the fundamental ring unit. The structure as depicted
is for the conformation of ring units of isolated sacculi at pH
extremes or in the chemically modified sacculi. In an intact, growing
cell, there is a much-less-expanded structure (expanded over the
most compact state by 45%). If the cell membrane is ruptured, then
the unit contracts further as the covalent bonds adjust to their lowest
energy, subject still to the constraint that the wall is a covalent
fabric; this relaxed isoionic form would have about one-fourth of the
area of the unit shown here.

individual unit. The smallest possible unit of cross-linked,
two-dimensional peptidoglycan is diagrammed in Fig. 3. A
smaller one was suggested previously (45), but it is not
possible because the hexosamines of the glycan chains of the
murein rotate relative to each other in such a way that a
complete revolution requires about four disaccharides (1, 2,
7, 49, 50, 51, 53). This means that the region enclosed in the
rectangle (Fig. 3) is the unit of peptidoglycan such that many
of them when overlaid could totally cover the surface of a
bacterium. The structure shown is two decasaccharides
connected by two pairs of cross-linked peptides emanating
from the first and ninth saccharides of both chains. The cross
bridges are formed by the usual head-to-tail linkage of
D-alanine of one strand with the epsilon amino group of DAP
on the other. The third and seventh saccharides of both
chains would be muramyl glycosides, with their lactyl
groups pointing above or below the plane of the figure.
Obviously, other rings with different connections between
the parts also occur in the stress-bearing wall. The peptides
originally linked at the third and seventh positions may be
quickly cleaved, serve in linking nascent oligopeptidoglycan,
or serve in links to oligopeptidoglycan that has yet to be
discarded. In any case, these peptides are not serving the
function of covering the cell surface area in a stress-bearing
way.

Implications of the in vivo structure not being maximally
extended. The results reported here are quite unexpected in
two ways. The finding that the relaxed sacculus can readily
expand 300% in area with quite minimal stress seems con-
tradictory to the finding that the wall in vivo is expanded

only 45% above the turgor-free state. There are two inter-
pretations of these results. The first, a less-likely explana-
tion, is that the inner and outer membranes truly contribute
a good deal to supporting the stress due to turgor and keep
the wall from expanding to its fullest extent; it is not clear
how they could do this, and this interpretation would appear
to contradict the electron microscope studies cited above.
The second explanation is that turgor pressure does not
create as strong a tension in the wall as the electrostatic
repulsion that we applied by causing the sacculi to bear a net
positive or negative charge.
The second unexpected result of this study is the key role

of the epsilon group of DAP not engaged in peptide bond
formation. When the carboxyl and amino groups are adja-
cent to each other, they cause the pK of each to be more
extreme. The finding that expansion is associated with
destruction of the zwitterion shows that this part of the
sacculus is the key to its expansion. Actually, unlinked DAP
residues are an appendage to the stress-bearing peptide, but
being changed from the zwitterion to a single charge of either
sign seems to be crucial. This finding may be particularly
important in considering the implications of different elastic-
ities of the peptidoglycan in influencing the shapes of the
poles of Bacillus subtilis and Enterococcus hirae (41).

Implications for the growth of gram-negative organisms.
Because most of the peptidoglycan of E. coli is a monolayer
(53), the gram-positive model of inside-to-outside elongation
of the side wall (45, 48), as suggested by Glauner et al. (13),
cannot apply. The neutron-scattering data would be consis-
tent only with an insertion, linkage, and cleavage of old
bonds, with the tensile forces pulling the new peptidoglycan
into the stress-bearing surface. This implies the existence of
some very special, precisely regulated mechanism to cleave
the old wall (39). It is no doubt the case that nonstress-
bearing nascent material added but not yet pulled into the
surface and nonstress-bearing wall in the process of being
turned over contribute to the portion of the wall that appears
to be triply layered. Also, the deep constrictions associated
with the initial phases of cell division could contribute to the
multiply layered region. If the inside-to-outside model func-
tioned for gram-negative organisms, then several complete
layers, in addition to layers of wall in the act of being
inserted or being discarded, would be expected. The present
work also suggests that there is only a single layer of fabric;
if parts of the wall had different numbers of layers, one could
expect the expansion to have occurred in stages instead of
one cooperative process.

It should be noted that the neutron data and the results
presented here are consistent with the "patches" model of
Holtje and Glauner (21) if the patches are both small and
numerous and if one or the other ofmy suggestions (39) of an
allosteric enzyme or a holoenzyme direct a make-before-
break process. In any case, the patch must be so small that
its insertion into the fabric does not depend on stresses of
different magnitudes in the hoop and axial directions. Then
the cleavage of old wall would pull the new wall into the
stress-bearing layer and would lead to elongation without
catastrophic dilation of the cell.
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